INTRODUCTION
The intact human sense of smell is an important factor in human quality of life. 1 Some examples of the consequences of impaired olfaction are food-related problems, 2 depression, 3 and professional issues. 4 Chronic rhinosinusitis (CRS), especially, is frequently associated with reduced smell abilities 5 and reports describe an incidence of olfactory dysfunction of up to 80% in CRS patients. 6 "Reduced smell" is used as a major symptom in guidelines for diagnosis of CRS. 7 Patients suffering from CRS can be divided into two groups-CRS with nasal polyps (CRSwNP) and CRS without nasal polyps (CRSsNP)-with the former group showing a higher degree of smell impairment. 8 In this aetiology of olfactory dysfunction, treatment options are available (either medical or surgical). If conservative treatment (especially topical steroids or short courses of systemic steroids) does not lead to a sufficient relief of symptoms (eg, rhinorrhea, blocked nose, and reduced olfaction), endonasal sinus surgery (ESS) is another therapeutic option for CRS patients. 7 Whereas the positive effect of ESS on patients' satisfaction and quality of life is well documented, 9 its effect on olfaction is still not fully understood. Most studies evaluating changes in olfaction after sinus surgery rely on subjective reports of the patient's sense of smell, rather than any sophisticated testing methods, and therefore have limited validity. 10 In those studies that use psychophysical tests to evaluate sense of smell, it is suggested that patients with polyps and anosmia might have a higher likelihood of improved olfaction after ESS than hyposmic patients without polyps. 6 In some studies, a positive effect could only be found for initially anosmic patients. 11 In other studies, no effect of ESS on olfaction was seen at all. 12 Additionally, only a single study reports on a longer post-operative period. 13 A new meta-analysis of olfactory outcomes after sinus surgery for CRS 14 clearly shows a significant and clinically relevant improvement of the sense of smell documented by the used tests (UPSIT, total TDI of Sniffin' Sticks, and Sniffin' Sticks Identification Score) in CRSwNP patients and a mixed group of CRSwNP and CRSsNP. Patients with polyps revealed a higher increase, as well as pre-operatively anosmic patients. In this meta-analysis, the demand for further studies identifying results in CRSwNP and CRSsNP, hyposmics and anosmics, and the time course of recovery of olfaction is expressed.
Yet in recent publications 15, 16 the first evaluation of olfaction after sinus surgery takes place after a time interval of 6 months and it is unclear when the recovery of olfaction starts postoperatively and whether there are differences in the timeline of recovery in CRSwNP and CRSsNP.
The aim of this investigation was to describe the time course of changes of olfaction in patients after sinus surgery for CRS by evaluating olfactory ability using the Sniffin' Sticks 16-item identification test. Additionally, influencing factors (eg, presence of polyps, CT-scores) and subjective evaluation were examined.
MATERIALS AND METHODS

Patients
In a prospective trial, patients of both genders over the age of 18 who were scheduled for ESS because of CRS, both with and without polyps, were screened. Primary surgical cases and revision cases were included and all patients had undergone unsuccessful conservative treatment with topical and/or systemic steroids prior the operation. The diagnosis of CRS was established by reference to the patient's history, nasal endoscopy and computed tomography (CT) of the paranasal sinuses according to the European position paper on rhinosinusitis and nasal polyps (EPOS) 2012 criteria. 7 The preoperative CT scans of the paranasal sinuses were analyzed and the Lund-Mackay score was noted. 17 Exclusion criteria were single-sided CRS, cystic fibrosis, immunodeficiency, primary cilia dysfunction, presence of neurodegenerative diseases, liver or renal deficiency, pregnancy, history of head trauma, and concomitant medication with drugs known to affect the sense of smell. All patients used nasal irrigation with saline at least twice a day and were treated with a topical nasal steroid (fluticasone furoate) once a day (27.5 mg), beginning after the surgical intervention and continuing for the entire study period. Courses of systemic steroids were not allowed postoperatively. The Ethics Committee of the Medical Association of Rhineland Palatinate, Germany approved the study (No. 837.475.08 [6472] ) and all patients gave written informed consent.
Testing Olfaction
To evaluate the sense of smell, the 16-item Sniffin' Sticks identification test was used-a standardized, forced-choice odor identification test. 18 The correct answers were noted and results between 0 and 16 were possible. Normal olfactory function is presumed for scores of 13 and above, hyposmia for scores between 8 and 12, while scores below 8 are considered "functionally anosmic." 19, 20 Olfaction was measured before the surgery, 2 weeks thereafter (14 6 1 days), and 6 months (24 6 1 weeks) after the surgical intervention. Additionally, at these time points, the patients were asked to complete the German Adapted Version 20 of the Sino-Nasal Outcome Test (SNOT-20 GAV) questionnaire 21 and were asked to rate the severity of their problem concerning the sense of smell (from 0 5 no problem to 5 5 highest impairment).
Statistical Analysis
All analyses were performed using the Statistical Package for the Social Sciences, Version 16.0 software system (SPSS Inc., Chicago, IL). In normally distributed values a T-test was used for statistical analysis. Mean values and standard deviation were indicated. Confirmative testing was carried out for changes of olfactory scores before and after sinus surgery, therefore a Bonferroni correction was performed for multiple testing and the adapted significance level was set at p < 0.0125. Additionally, a linear regression was used to asses influencing factors (gender, age, type of CRS (without or with nasal polyps), previous surgery, and olfactory category [normosmic, hyposmic, or anosmic]) at baseline on the changes of postoperative olfactory scores. Other analyses were done exploratory and p values are given for descriptive reasons only. Influences of different parameters on olfaction preoperatively were evaluated using the Mann-Whitney U test.
RESULTS
Fifty-eight patients who were scheduled for ESS due to CRS were screened. Complete datasets of olfactory test results were available for 41 patients. For most of the missing 17 patients, the results for the Sniffin' Sticks Identification Score were missing for the last visit as patients refused to appear. Nevertheless, the groups of included and non-included patients did not show relevant differences (for details see Table I ). Of the analyzed patients, 25 were male and 16 were female. The mean age was 49 years. The demographic details are shown in Table I .
Pre-and Post-Operative Olfactory Performance
The mean Sniffin' Sticks Identification score (6 standard deviation, SD) for the visit before surgery (V1) was 8.6 6 4.2. The mean score increased to 10.2 6 3.4 at the second visit (V2, 2 weeks after surgery) and to 10.7 6 3.2 at the third visit (V3, 6 months after surgery). The differences were significant for the changes between V1 and V3 (22.1 6 3.8, p 5 0.001), but not between V1 and V2 (11.6 6 4.4, p 5 0.023) and V2 and V3 (10.4 6 3.0, p 5 0.361). Two weeks after surgery, 28 of 41 patients showed an increase of at least 1 point in the Sniffin' Sticks identification test. Six months after surgery, this was the case in 25 of 41 patients.
Influencing Factors of Olfaction Before Operation
Male patients showed lower Identification scores (7.6 6 3.8) than female (10.2 6 4.3), p 5 0.02. Patients who had previously undergone sinus surgery (7.7 6 4.2) showed a reduced identification score as compared to patients for whom this was their first sinus operation (9.9 6 3.9), p 5 0.06. Patients with a Lund-Mackay score of 13 or more in the CT scan showed a trend towards lower Identification scores (8.0 6 4.4) than did patients with lower CT-scores (10.4 6 2.8), p 5 0.16. The same trend towards lower smell test scores was found in the group of CRSwNP (7.7 6 4.4) as compared to the group of CRSsNP (9.8 6 3.6), p 5 0.11.
Subjective Evaluation of the Sense of Smell
The mean value of patients' ratings of the severity of disturbance to their sense of smell (from 0 5 no problem to 5 5 highest impairment) before surgery was 3.35 (61.62) and decreased to 2.34 (61.68) after 2 weeks (p 5 0.001) and to 1.56 (61.34) after 6 months (p 5 0.013) following surgery. The correlation between self-ratings and the Sniffin' Sticks results was good at all time points: 20.640 at V1, 20.629 at V2, and 20.646 at V3. The changes in both the identification score and selfratings also correlated, with r 5 20.398 to 20.507. The subgroups of CRS patients with and without nasal polyposis also showed relevant correlations of subjective and objective measures, except at V1 in the CRSwNP group.
Factors Influencing the Increase of Olfaction Post-Operatively
After 6 months, patients with nasal polyps showed a similar increase in the identification test (12.2 6 4.2, p 5 0.02) as compared to those without polyps (11.9 6 3.4, p 5 0.03). This size of increase was found in the CRSsNP group already after 2 weeks (12.0 6 3.5, p 5 0.026) but not in the CRSwNP group (11.3 6 5.0, p 5 0.224) (Fig. 1) . In the linear regression model, only the category of olfaction before surgery showed a significant influence of the mean changes of Identification Scores between V1 and V3 (coefficient of 4.09, p < 0.001, confidence interval: 2.53 to 5.66). The detailed results of the regression model are shown in Table II .
Patients who had undergone sinus surgery previously showed a lower increase of the Identification score from V1 to V2 (11.3) as compared to patients who had no previous surgery (12.1, p 5 0.013), but not from V1 to V3 (12.2, compared to 11.8, p 5 0.24).
The preoperative CT-score (Lund-Mackay 12 vs. >13) did not show differences in the amount of changes of Identification scores at the different time points (2.1 vs. 2.0, between V1 and V3).
Category of Olfaction
If the results of the Identification scores are classified into categories of olfaction (anosmia, hyposmia, and CRSsNP 5 chronic rhinosinusitis without nasal polyps; CRSwNP 5 chronic rhinosinusitis with nasal polyps normosmia), 15 patients were anosmic, 19 were hyposmic, and 7 were normosmic preoperatively (V1). Two weeks (V2) after the surgery, 8 subjects were anosmic, 21 were hyposmic, and 12 were normosmic. Six months after surgery (V3), 8 subjects were anosmic, 18 were hyposmic, and 15 were normosmic (Fig. 2) . Therefore, 6 months after surgery (V3), 44% of patients reached a better category of olfaction, 46% stayed in the same category, and 10% changed to a lower category as compared to the diagnostic group prior to the surgical intervention (Table III) . In the subgroups with and without nasal polyps, comparable results were seen (43% of CRSsNP patients and 44% of CRSwNP patients reached a higher category, 43% of CRSsNP patients and 50% of CRSwNP patients stayed in the same category, and 13% of CRSsNP patients and 6% of CRSwNP patients decrease to a lower category). Taking both patient groups (CRSsNP and CRSwNP) together, the number of normosmic subjects doubled from V1 to V3, although the absolute number of patients who reached normosmic results after surgery was lower in the CRSwNP group. The amount of hyposmic patients stayed stable and the amount of anosmic individuals decreased from 20% to 10% in the CRSsNP group and from 50% to 30% in CRSwNP patients (Fig. 2) . Patients who initially showed anosmic results (n 5 15) reached a mean increase in the Identification score of 4.9 (63.5, p < 0.001) points after 2 weeks, which was stable after 6 months (14.7 6 3.2, p < 0.001). The patients in the hyposmic group (n 5 19) showed an increase of 0.6 6 2.3 (p 5 0.295) points after 2 weeks and 1.4 6 2.8 (p 5 0.039) points after 6 months. The patients who were normosmic preoperatively (n 5 7) experienced the following changes: 22.6 6 5.6 (p 5 0.272) points after 2 weeks and 22.0 6 3.3 (p 5 0.162) points after 6 months (Fig. 3) . The reductions in subjective ratings were similar (21.62/21.06 points at 2 weeks and 22.31/-2.17 at 6 months) in the initially anosmic and hyposmic groups resp., while the normosmic group underwent a mean decrease of 0.57 after 2 weeks and 0.0 after 6 months. 
DISCUSSION
This prospective cohort study shows that, in most patients, after ESS for CRS, a measurable improvement in Sniffin' Sticks identification of at least 1 point can be achieved just 2 weeks after surgery (68%) which is stable under concomitant treatment with topical steroids for a period of 6 months (61%). This percentage is higher than that described by others, 22 although the distribution of CRSwNP and CRSsNP patients is similar in both cohorts, and both the testing method used and the follow-up period observed were comparable. One explanation could be that, in Pade's study, the preoperative identification score was considerably higher (mean 10.2) than in our cohort (mean 8.6). The change of about 2 points in the Sniffin' Sticks Identification score can be regarded as clinically significant, following the results of Gudziol et al. 23 A possible "learning effect" as one reason for improved identification scores does not seems to play an important role, as in the initial presentation of the Sniffin' Sticks test kit, 24 such an effect could not been seen over a 4-month interval. A more recent study did not see significant changes in results when using an extended 32-item test. 25 Additionally, it must be recognized that these studies were done on healthy individuals and the chance of an occurring learning effect is even lower in subjects with impaired olfaction because the tested subject as a matter of course is not told whether his choice during the test was correct or not.
As shown by the linear regression model in our study, the only influencing factor that significantly affects the olfactory improvement is the pre-operative olfactory category. Other factors like age, gender, previous sinus operations, or polyp status (CRSwNP or CRSsNP) showed no influence here.
When the diagnostic group of olfaction is considered, 44% of patients achieved an improvement in their sense of smell (hyposmic to normosmic; anosmic to hyposmic; anosmic to normosmic), which is similar to the results of a study that showed an improvement rate to a higher class of olfaction in 45% of 29 revision cases. 26 Although our study confirmed a trend towards lower values in the smell test preoperatively in patients who had previously undergone sinus surgery, there was no significant difference in the post-operative improvement on olfaction. Instead, we found a higher improvement rate in CRSwNP patients (66%) than in CRSsNP patients (30%).
The improvement in Identification scores after ESS accompanies a reduction in the subjective ratings of disturbance of the olfactory impairment. The additional information of other tests evaluating olfactory discrimination and threshold (represented by the Sniffin' Sticks TDI-Score) would seem to be more appropriate to measure olfaction, but this estimation could not be proved in CRS studies yet. 14, 27 The fact that the post-operative improvement of olfaction can be predicted by the Lund-Mackay score has been described elsewhere. 28 Although we confirmed that the preoperative Identification score was lower in the group with higher CT-scores (Lund-Mackay score >12), the improvement rates after 6 months were almost identical in both groups (12 points) whereas, in the Minwegen study, the patients with Lund-Mackay scores 7 showed a trend towards decreased values (-0.82 points on the 12-item Sniffin' Sticks identification test). Even if the same limits in CT-scores are used, we still see a clear trend towards improved olfactory scores (13.5 at V3), although only the data of four patients are suitable.
Our study showed lower preoperative and postoperative scores in patients with CRSwNP as compared to CRSsNP, as previously described. 6 The statistical analysis failed to be significant in our study, most likely because the sample size was too low. The post hoc power calculation for the changes of the Sniffin' Sticks Identification Score in our study showed a value of 88% for the differences between V1 and V3, 58% for differences between V1 and V2, and only 7% for differences between V2 and V3. Yet, in our study 6 months after surgery, both groups of patients (CRSsNP and CRSwNP) showed a comparable increase in Identification scores contradictory to other studies. 15 Interestingly, there was a notable difference already 2 weeks after surgery, and the The improvement of patients' olfaction is shaded in green (anosmic to hyposmic; anosmic to normosmic; hyposmic to normosmic), an unchanged category is shaded in blue, and a decrease (normosmic to hyposmic; normosmic to anosmic; hyposmic to anosmic) is shaded in red. CRSwNP patients required a longer time for recovery. This finding could be explained by reference to the fact that the recovery of the olfactory epithelium might take more time in patients with a more severe form of the disease, as which CRSwNP can be regarded. Not only local recovery processes but also an increase in the volume of the olfactory bulb can be observed after sinus surgery has been documented by MRI studies. 29 Inconsistently with the results of another trial which used the University of Pennsylvania Smell Identification Test (UPSIT) score to measure olfaction, 11 we measured increasing olfactory scores in patients who were preoperatively anosmic and also in initially hyposmic patients. Patients in the anosmic group showed an earlier (already after 2 weeks) and greater increase, which was stable after 6 months. The group of hyposmic subjects showed a remarkable recovery of olfaction after 6 months but the degree of increase was lower. The reason for this finding is not clear. One would assume that a recovery of the olfactory epithelium takes longer in anosmic patients as compared to hyposmic patients. On the other hand, elimination of a mechanical obstruction by polyps of the olfactory cleft would lead to an almost instant effect, which was the case in 75% of the anosmic patients in our cohort. Therefore, it can be concluded that indeed both factors -a local inflammatory disturbance and a mechanical obstruction -are involved in the pathophysiology of impaired olfaction in CRS patients. Although the increase experienced by the initially hyposmic patients was lower and delayed as compared to the anosmic group, it can still be considered as clinically relevant as the reduction in subjective ratings were similar.
The sustained improvement of the sense of smell after sinus surgery under continued topical nasal steroid medication is documented by our findings for a period of up to 6 months. One remarkable study shows positive effects on olfaction even after a follow-up period of 5 years. 13 In some patients, an improvement of olfaction after sinus surgery cannot be achieved and, in fact, in up to 10% of patients a decrease of olfaction after ESS can occur, as corroborated by others studies. 22, 30 The reason for this result is still unknown. In our study, a sustained deterioration of the sense of smell 6 months after surgery occurred in 4 of 41 patients. Of these, three patients were initially normosmic and three showed CRSwNP. Interestingly, the subjective rating of the impairment of olfaction was preoperatively high (with scores of between 3 and 4) and showed a decrease after surgery (to scores between 1 and 2). Therefore, we can say that preoperative evaluation of the sense of smell by validated testing is crucial and olfactory impairments after surgery are not necessarily recognized by the individual patient.
CONCLUSION
This prospective study of the evaluation of the sense of smell using an established testing method in a well-defined population of patients undergoing ESS for CRSwNP and CRSsNP found an improvement of olfaction in both groups already 2 weeks after the surgical procedure. The overall improvement recorded at 6 months after surgery was similar in both groups, although CRSsNP patients showed higher preoperative scores and gained greater post-operative levels, and the recovery of olfaction was slower in CRSwNP patients. More than 40% of patients showed a clinically relevant improvement of olfaction, regardless of polyposis status. Additionally, the recovery of the sense of smell was possible independently of whether a subject was initially anosmic or hyposmic, with higher recovery rates in initially anosmic subjects. Fig. 3 . Box plots of changes in Sniffin' Sticks scores preoperatively (V1, blue), 2 weeks (V2, light green), and 6 months (V3, dark green) after surgery, considering the initial olfactory performance (anosmic, n 5 15, hyposmic, n 5 19 or normosmic, n 5 7). The lines represent the medians; the boxes include 75% of the results; the whiskers include 95% of the results; the circles show outliers.
